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ABSTRACT: The surge of COVID-19 infections has been fueled by new
SARS-CoV-2 variants, namely Alpha, Beta, Gamma, Delta, and so forth. The
molecular mechanism underlying such surge is elusive due to the existence of
28 554 unique mutations, including 4 653 non-degenerate mutations on the
spike protein. Understanding the molecular mechanism of SARS-CoV-2
transmission and evolution is a prerequisite to foresee the trend of emerging
vaccine-breakthrough variants and the design of mutation-proof vaccines and
monoclonal antibodies. We integrate the genotyping of 1 489 884 SARS-CoV-
2 genomes, a library of 130 human antibodies, tens of thousands of mutational
data, topological data analysis, and deep learning to reveal SARS-CoV-2
evolution mechanism and forecast emerging vaccine-breakthrough variants. We show that prevailing variants can be quantitatively
explained by infectivity-strengthening and vaccine-escape (co-)mutations on the spike protein RBD due to natural selection and/or
vaccination-induced evolutionary pressure. We illustrate that infectivity strengthening mutations were the main mechanism for viral
evolution, while vaccine-escape mutations become a dominating viral evolutionary mechanism among highly vaccinated populations.
We demonstrate that Lambda is as infectious as Delta but is more vaccine-resistant. We analyze emerging vaccine-breakthrough
comutations in highly vaccinated countries, including the United Kingdom, the United States, Denmark, and so forth. Finally, we
identify sets of comutations that have a high likelihood of massive growth: [A411S, L452R, T478K], [L452R, T478K, N501Y],
[V401L, L452R, T478K], [K417N, L452R, T478K], [L452R, T478K, E484K, N501Y], and [P384L, K417N, E484K, N501Y]. We
predict they can escape existing vaccines. We foresee an urgent need to develop new virus combating strategies.
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The death toll of coronavirus disease 2019 (COVID-19)
caused by severe acute respiratory syndrome coronavirus 2

(SARS-CoV-2) has exceeded 4.4 million in August 2021.
Tremendous e�orts in combating SARS-CoV-2 have led to
several authorized vaccines, which mainly target the viral spike
(S) proteins. However, the emergence of mutations on the S
gene has resulted in more infectious variants and vaccine
breakthrough infections. Emerging vaccine breakthrough SARS-
CoV-2 variants pose a grand challenge to the long-term control
and prevention of the COVID-19 pandemic. Therefore,
forecasting emerging breakthrough SARS-CoV-2 variants is of
paramount importance for the design of new mutation-proof
vaccines and monoclonal antibodies (mABs).

To predict emerging breakthrough SARS-CoV-2 variants, one
must understand the molecular mechanism of viral transmission
and evolution, which is one of the greatest challenges of our
time. SARS-CoV-2 entry of a host cell depends on the binding
between S protein and the host angiotensin-converting enzyme
2 (ACE2), primed by host transmembrane protease, serine 2
(TMPRSS2).1 Such a process inaugurates the host’s adaptive
immune response, and consequently antibodies are generated to
combat the invading virus either through direct neutralization or
non-neutralizing binding.2,3 S protein receptor-binding domain
(RBD) is a short immunogenic fragment that facilitates the S
protein binding with ACE2. Epidemiological and biochemical

studies have suggested that the binding free energy (BFE)
between the S RBD and the ACE2 is proportional to the
infectivity.1,4�7 Additionally, the strong binding between the
RBD and mAbs leads to e�ective direct neutralization.8�10

Therefore, RBD mutations have dominating impacts on viral
infectivity, mAb e�cacy, and vaccine protection rates.
Mutations may occur for various reasons, including random
genetic drift, replication error, polymerase error, host immune
responses, gene editing, and recombinations.11�15 Being
bene�cial from the genetic proofreading mechanism regulated
by NSP12 (a.k.a RNA-dependent RNA polymerase) and
NSP14,16,17 SARS-CoV-2 has a higher �delity in its replication
process than the other RNA viruses such as in�uenza.
Nonetheless, near 700 non-degenerate mutations are observed
on RBD, contributing many key mutations in emerging variants,
that is, N501Y for Alpha, K417N, E484K, and N501Y for Beta,
K417T, E484K, and N501Y for Gamma, L452R and T478K for
Delta, L452Q and F490S for Lambda, and so forth.18 Given the
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importance of the RBD for SARS-CoV-2 infectivity, vaccine
e�cacy, and mAb e�ectiveness, it is imperative to understand
the mechanism governing RBD mutations.

In June 2020, when there were only 89 nondegenerated
mutations on the RBD and the highest observed mutational
frequency was only around 50 globally, we were able to show
that natural selection underpins SARS-CoV-2 evolution based
on the genotyping of 24 715 SARS-CoV-2 sequences isolated
patients and a topology-based deep learning model for RBD-
ACE2 binding analysis.19 In the same work, we predicted that
RBD residues 452 and 501 “have high chances to mutate into
signi�cantly more infectious COVID-19 strains”.19 Currently,
these residues are the key mutational sites of all prevailing SARS-
CoV-2 variants. We further foresaw a list of 1149 most likely

RBD mutations among 3686 possible RBD mutations.19 Up to
date, every one of the observed 683 RBD mutations belongs to
the list. In April 2021, we demonstrated that all of the 100 most
observed RBD mutations of 651 existing RBD mutations from
506 768 viral genomes had enhanced the binding between RBD
and ACE2, resulting in more infectious variants.18 The odd for
these 100 most observed mutations to be there accidentally is
smaller than one chance in 1.2 nonillions (2100 � 1.2× 1030).
(Note: The average BFE change of 1149 RBD mutations for the
RBD-ACE2 complex is �0.28 kcal/mol. Randomly, each RBD
mutation has a 50% chance to assume a BFE change above or
below �0.28 kcal/mol, which leads to 2100 = 1.276506 × 1030

possible states for 100 mutations.). There is no doubt that
natural selection via viral infectivity, rather than any other

Figure 1. Most signi�cant RBD mutations. (a) The 3D structure of SARS-CoV-2 S protein RBD and ACE2 complex (PDB ID: 6M0J). The RBD
mutations in 10 variants are marked with color. (b) Illustration of the time evolution of 455 ACE2 binding-strengthening RBD mutations (blue) and
228 ACE2 binding-weakening RBD mutations (red). The x-axis represents the date and the y-axis represents the natural log of frequency. There has
been a surge in the number of infections since early 2021. (c) BFE changes of RBD complexes with ACE2 and 130 antibodies induced by 75 signi�cant
RBD mutations. A positive BFE change (blue) means the mutation strengthens the binding, while a negative BFE change (red) means the mutation
weakens the binding. Most mutations, except for vaccine-resistant Y449H and Y449S, strengthen the RBD binding with ACE2. Y449S and K417N are
highly disruptive to antibodies.
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